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Content Addr«»<»«ftd Memories 



The present invention relates to memories of the type known as CAMs (Con- 
tent Addressed Memories) or Associative Memories. 

A conventional computer memory consists of a large number of memory loca- 
tions which have sequential addresses. To access a location in such a memory, 
an addms is supplied to the memory; the corresponding location is thereby 
selected, and its contents can then be accessed Cie read or written). 

f% This works admirably when the address of the desired location (which typi- 

yrj cally stores a byte or a word) is known. However, there is a variety of situ- 

J ations in which data is organized in data blocks and what is wanted is a data 

yi block having particular data in a part of the block. Conventionally, the only 

%| way of finding the desired data block is to search through the data blocks one 

f 5 ^ by one* A simple sequential search is the simplest procedure, but is liable to be 

y extremely time-consuming- Various forms of directory structures or indexing 

Q can sometimes be used, but these tend to be complicated and inflexible. 

To overcome these problems, a type of memory known as content addressable 
Pj memory (CAM) has been proposed. This type of memory is also known as associ- 
ative, because it automatically associates the desired data with the blocks 
containing that data. 

CAMs hive never achieved substantial commercial success, primarily because 
of the complexity of the circuitry required, compared with conventional memories. 
The situation is made worse because of the relatively limited range of applica- 
tions for CAMs, ao that CAM memories would be a relatively low-volume and high 
cost product even apart from the extra complexity. 

The genera* object of the present invention is to provide an improved CAM 
architecture which alleviates or overcomes these problems* 

According to the present invention there is provided a content addressable 
memory comprising a CAM control logic unit and a plurality of cells connected in 
a chain, each cell comprising: 
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a memory block coupled to a common address bus; 

a comparator coupled to a common data bus and to the data interface of the 
memory block; 

switching means coupling the data interface of the memory block with the 
data bus, and; 

a logic block including a Match flip-flop: 
the memory being operable: 

in a Search phase to serially match a sequence of words on the common data 
bus with the contents of a sequence of addresses in the memory blocks of 
the cells; and 

in an Access phase, to render the cells matched in the Search phase serially 
M available for access via the common address and d&ta buses. 

A CAM embodying the invention will now be described, by way of example, 
y : j with reference to the drawings, in which: 

S&XS 

Ul Fi &- JL_i ft a general block diagram of the system; 

s Pig- £-ls a more detailed block diagram of a cell of the system; and 

ti Fi ^2J s a bailed block diagram of the logic block of a cell of the system. 

Wf 

xsss, 

aj Referring to Fig. 1, the CAM consists primarily of a chain of identical cells 

Q 10, with a CAM control unit U, which is coupled to the top of the chain of logic 
^ blocks 10. 

Each ceU <Fig. 2> contains a respective memory block X^ J which may use say 
DRAM (With* conventional refresh arrangements operating on each block) or SFiAM. 
The size of each memory block may be say 64 kbytes, though obviously the num- 
ber of locations may vary and the word length may also be varied <eg to 2 or 4 
bytes). The number of blocks will normally be Urge, typically of the order of 

The cells 10 are coupled to a J -byte data bus DATA, a 16-bit address bus 
ADD, and a control bus CONT. The address and data bus widths match the num- 
ber of locations in the memory block in each cell and the size of each location. 
If the CAM forms part of a computer system, these bu^s may be general sy 3 t*m~ 
wide buses, or parts of such system buses. A system address bus may be consi- 
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derably wider than 16 bits; the bottom 16 bits will then be used as the address 
bus ADD for the CAM- Similarly, the control bus for the CAM may form part of 
a multi-bit system control bus* 

Each cell 10 also contains a memory block 12, a logic block 13* a comparator 
14, and e bidirectional switch 15. The chaining of the cells 1 0 is through their 
logic blocks 13 F as shown* 

The CAM will normally be implemented on on integrated circuit chip. It 
will be realized thet such a chip can easily be designed so that several such 
chips can be chained to increase the size of the CAM. The control unit 1 1 is 
preferably s separate unit, However, it can be included on the CAM chip if 
desired; in that case* several chips can be chained by designing the controller so 

y3l that only that of the first chip in the chain is enabled, with those of the 

2 following chips in the chain being disabled. 

\j The functions of the logic blocks 13 can best be understood by considering 

H> the manner in which the CAM operates. The CAM operates in 2 modes, Search 
^ and Access. The Search phesS is concerned with finding the cells containing 
r-i date which matches the search criteria; the Access phase is concerned with acces- 
Iff sing those cells to extract the associated data. 

o 

f^. For simplicity we shall assume that each cell contains a single data block of 

pk. 1024 bytes stored in its memory block. If the date block is shorter than 1024 

bytes, then it is simply padded out with dummy bytes. (In fact, the dummy bytes 
may simply be left unused, ie never read or written, in the memory block*> The 
data blocks also all have the same structure, which we shall take as consisting of 
a number of key fields KeyU Key 2, Key3 t etc and a number of data fields Datal, 
Data2* Dat»3, etc. Although the division of the data blocks into fields is 

identical for all data blocks, the number of fields* their sizes, and their locations 
in the data block can be chosen arbitrarily. We shall also assume thet all fields 
are integral numbers of bytes long. 

For a search, a sat of key fields is defined, together with a set of search 
contents for those fields. Each search field is fed to the cells in turn, and for 
each search field, the search bytes are fed to the cells sequentially. Thus each 
cell receives a sequence of search bytes on the DATA bus, each accompanied on 
the ADD bus by its address in the data block- Further, the CAM control unit 1 1 
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feeds a Search control signal to all ceils, vie the chain of logic blocks 13 in the 
cells. 



Each time a byte address ia fed to a cell in the Search phase, the corres- 
ponding location in the cell's memory block 12 is read. This reads out a byte 
from one of the key fields in the data block stored in the cell. The stored byte 
is passed to the compare unit 14, which is also fed with the search byte on the 
data bus DATA, (Switch 15 ia disabled at this time, iaolating the DATA bus from 
the data output of the memory block.) The compare unit 14 compares the 2 
bytes fed to it. and produces a Hit or Miss signal, depending on whether the 
search byte and the stored byte match or don't match. 



The logic block 13 of each cell contains a Match flip-flop. The CAM con- 
J trol unit 11 initially sets the Match flip-flops of all cells to the Hit state. In 
\j each cell, each time a comparison is made by the comparator 14 between a search 
=C byte and a stored key-field byte, the result (Hit or Mis*> is fed to the Match 
^ flip-flip 16. If the stored byte and the data byte don't match, the Miss output 
^ from the comparator clears this flip-flop to Miss. After the succession of 
h| search bytes in the different key fields has been run, the Match flip-flop will 
^ remain in the Hit state only if all bytes match, 

0 lf desired, a MASK bus Cnot shown), with the same width as the DATA bus. 

can be included Masking can time-share the DATA bus or use a second byte on 

£7 the system data bus if that bus is wide enough- The MASK bus will be coupled 
to the comparators in all cells 10, and each bit on the MASK bus will determine 
whathar or not the comparator compares the corresponding bits of the search and 
stored bytes. Thua bit-level rather than merely byte-level searching and 
matching c«fn easily be implemented if desired, This allows tighter packing of 
the key fields if many of them are less than 1 byte long. 

At the end of the Search phase, therefore, the Match flip-flop of each cell 

of the CAM will still be in the Hit state if a full match has been achieved for 

that call, but will have been set to Miss if any failure of the matching has 
occurred for that cell. 



Once the Search phase is finished, the Access phase follows. For this, the 
CA^ control unit 11 sends an Access signal to the chain, At the start of this 
phase, thftre will be some unknown number of cells with their Match flip-flops 
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still set at Hit. These are coupled in a logic chain through the logic blocks 13. 
The topmost of these cells is enabled by the Access signal and its Match flip- 
flop; this enabled call disable* all the following cells in the chain. 

This enabled call can be accessed over the address, data, and control buses 
ADD, DATA, and CONT- The address bus is coupled to the memory block 12 of 
the cell, and the switch 1 5 is enabled by the logic block 13, coupling the data 
bus to the memory block data path. The control bus carries a 1-bit read/write 
signal H/W which is, in this phase, passed through the logic block 13 to the 
memory block 12, to control whether reading or writing occurs. An arbitrary 
number of data fields can therefore be reed or written, by sending the addresses 
of those fields to the cells in turn, and for each data field, sending the data 
bytes to the cells or reading them from the cells sequentially. 

Once the accessing of the enabled cell is complete, the CAM control unit i 1 
sends a signal down the chain of cells to clear the topmost Match flip-flop to 
Miss. The next Match flip-flop at Hit will then enable its cell, and the data 
block in that cell can then be accessed. The process continues in the same way 
with each cell in the chain with its Match flip-flop set being enabled in turn, 
until all matching date blocks have been accessed. 

Obviously not all data blocks found in the Search phase need be accessed in 
the same way. Once accessing of a block has started* th« accessing may if 
desired be made dependent on data read from the block. 

The number of matches Cif any) is in general not predictable. A return 
line may be provided from the end of the chain of cells back to the CAM control 
unit 11, and arranged to change state when all Match flip-flops in the chain hav« 
been cleared to Miss. 



Alternatively, the end of the sequence can be determined by software. 
When the end of the sequence of matching blocks is reached, any attempt to 
carry on reeding data blocks will result in no read occurring. The data bus 
will therefore return its inactive state (hex-FF if it has pull-up resistors?. So 
to determine when all matching blocks have been read, the system monitors for 
this data byte. To present genuine data bytes with the value hex-FF from being 
misinterpreted as the end of the set of matching blocks, a standard byte address 
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is chosen in all data blocks and a non-FF-hex byte is deliberately included in 
that address in every data block. 

Once a cell has b*an selected, it can of course be written as well as read. 
So & selected cell can dimply have a complete new data block written into it, or 
its content* can be inspected and Various parte of it changed, possibly in depen** 
dance on what it contains. 

It has been assumed above that each cell contains a single data block. The 
optimum operating condition will be with a data block size which matches the 
memory block slice. A data block must be confined within a single cell, so if the 
data blocks vary in size* the maximum size must not be larger than the cell size. 
U However, if the data block size is considerably smaller than the cell size, it would 
^ be possible to pack Z (or more) short data blocks into a celh The division of 
4^ the cell into such data blocks would be essentially a matter for software control, 
wl This would of course mean that a search would have to be done in 2 stages, 
U •* archin * first sa ^ the to J> h»l*w of the cells for data block matches, and then 
|J the second halves of the cells for any further data block matches. 

f!;f It is also possible for two or more data blocks to be linked together into 

p an extended data block by suitable software techniques, so that a set of blocks »q 
N| linked can be accessed as a group. A set of blocks so linked can be regarded 
^ as an extended data block whose size is not limited by fche cell size. For 
example, each extended block can be given a unique identifier, with all cells in 
the block containing identical copies of the key fields and the block identifier, 
and each cell of the extended block containing a aerial number for its position 
in the extended block. 

Summarizing the system, therefore, it is evident that cells can be searched 
on any fields, and any cells matching the search can be read, modified, or com- 
pletely rewritten. Although the operation was described above in terms of key 
and data fields, the division of the data block structure into such fields is 
purely notional; any bytes can be treated as key bytes, data bytes, or both. 

It is not possible to access a cell by its position in the chain. However, 
this does not mean that a cell can become inaccessible. If a cell is to be 
effectively Cleared, a standard byte address can be chosen for all data blocks,, and 
filled with one data value if the data block in that call is valid and another data 



15/01/2001 12:34 01276-22985 



M G HARMAN & CO 



PAGE 09 



= : a 



PCT/GB99/02288 

WO 00/045S3 

~ 7 - 

value if the data block in the cell is cleared, i* invalid. A search for cells 
with the second data value in that location will than retrieve all empty data 
block* in sequence I-f all else f*il** * search with no search fields will select 
all cells, which can then be written into sequentially. (That is, the Search phase 
is entered to set all Match flip-flops to Hit, and the Access phase is them 
entered immediately.) 

Referring now to Fig. 3, the logic and control circuitry of the cell 10 will 
be described in more detail. Each c*il is, as described above, coupled to the 
system data bus DATA and the system address bus ADD. There is also ft single 
line chaining eU the cells together. Apart from this single line, the control 
signals to the cells are preferably all carried on the system control bus CONT, 
*3 which is coupled to all cells. In many instances, the system CPU can 

fl conveniently be arranged to generate these signals, so that this CPU constitutes 
>5 the CAM control unit 11. In addition, a further line of the control bus may be 
coupled to the first cell as the start of the chain line through all cells. <Aa 
discussed above, a return line from the end of the chain line may usually be 
dispensed with*) 

Fig. 3 shows the control logic unit 13 of a typical cell 10 in more detail. 
A memory control unit 20 is fed with three control bus signals R/W, S/A, and EN. 
The R/W signal is a read/write signal, which is used to determine whether the 
cell memory block 12 is to be read from or written to in the access phase of the 
operation of the CAM. The S/A signal determines whether the CAM operates in 
the Search or Access modes. The EN signal is an enable signal, which deter- 
mines whether the CAM is enabled or not. When enabled* it is assumed that the 
other device* coupled to the system buses disabled; when the CAM is disabled, 

other devices coupled to the system buses may be enabled without their operation 
being affected by the existence of the CAM. 

It will be realized, of course, that the CAM Cor the integrated circuit chips 
carrying th« CAM) may be assigned a control address, so that the CAM con be 
enabled and disabled by means of such a control address, In effect, this means 
that the CAM is enabled by a suitable signal combination (the control address) on 
a plurality of control bus lines, but that set of control bus lines will be shared 
with many other devices in the system* rather than the CAM requiring a dedicated 
control bus line. 
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The memory logic block 20 generates three output signals. There is a 
control signal to the bidirectional switch 15, which is used to couple the memory 
block 12 and the data bus DATA to the comparator 14 in the search phase and 
the memory block to the data buB in the access phase. There is e R/W signal to 
the memory block 12 to set it for reading in the search phase and for reading 
or writing, as the case may be, in the access phase. And there is an Enabl* 
signal to the memory block 12, to enable it in the search phase and, if the call 
is the selected cell, in the access phase. 

The cell also includes a chain line coupling switch £1 which couples the 
chain line into the cell, OIN, to the chain line out of the cell, C-OUT. This 
switch in effect either couples the chain in line C-IN to the chain out line C- 
^ OUT or imP<=>»«s a logic 0 on the chain out line C-OUT. It can conveniently be 
^ implemented as a pair of switches, one connected between the chain in and chain 
SJj out lines and the other connecting the chain out line to earth (logic 0), with a 
=43 control signal driving one switch directly and the other via an inverter. If 
r^t desirad, the cells may be grouped into groups with more elaborate logic for the 
yk chain .line within the groups to reduce signal propagation time along the chain. 

JU, The antral logic unit 13 also includes the match flip-flop 16, which has 

5 a^eady been discussed. This flip-flop has an input from the comparator 14, as 
Q described above. It is also fed with a further signal RST from the system 
*H control bus CONT, This signal RST is a reset signal which is used to reset all 
2 match flip-flops in the CAM to the match state at the beginning of the search 
phase. 



Finally, there is a Next control block 22. This is fed from the match flip- 
flop 16 arid from the chain in line OlN, and controls the chain line switch 2i. 
If the signal on the chain in line is a logic 1 (which indicates that all cells 
above the present cell in the chain have been dealt with), and if the match flip- 
flop remains set at the end of the search phase, then the present cell is the next 
one to be accessed. The Next control block 22 enables the memory control block 
20. and sets the switch 21 to logic 0. If the match flip-flop has been cleared, 
however, then the Next control block automatically disables the memory control 
block 20 (so that the cell cannot be accessed) and sets the switch 21 to pass the 
signal on the chain in line on to the chain out line. 
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The Next control block is also fed with the fifth of the five signals from 
the system control bua t NXT, and further includes a flip-flop. If the cell is the 
currently selected one <ie the match flip-flop is still at match and all cells above 
it in the chain have been accessed), then the NXT sign*) effectively disables the 
present cell. The Next control block 21 sets the switch 31 to pass the logic 1 
on to the ne*t cell down the chain, and disables the memory control logic 20 so 
that th« cell cannot be accessed again. The flip-flop of the Next control block 
is us*d to capture the state of the incoming C-IN signal and prevent the NXT 
signal from propagating down the chain. The Next control block therefore also 
has an output to the match flip-flop 16, 
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Claim: 



1 A content addressable memory comprising a CAM control logic unit (U> and 
a plurality of cells C10> connected in a chain, each cell comprising; 

a memory block CIS) coupled to a common address bus (ADD); 

a comparator (14) coupled to a common data bus (DATA) and to the data 
interface of the memory block (12); 

switching means <15> coupling the data interface of the memory block with 

the data bus, and; 
=0 a logic block C13) including a Match flip-flop (1C>: 

jg the memory being operable: 

^1 in a Search phaae to aerially match a sequence of words on the common data 

yk bus (DATA) with the contents of a sequence of addresses in the memory 

W blocks (IE) of the cells (10>; and 

O in an Access phase, to render the cells matched in the Search phase serially 

yi available for access via the common address and data buses (ADD and DATA), 

n 2 A content addressable memory according to claim 1 wherein each cell con- 
M tains a memory block U2>, a logic block (13), a comparator CI 4>, and a bidirec- 
tional switch (15), 

3 A content addressable memory according to either previous claim implemented 
on an integrated circuit chip. 

4 A content addressable memory according to claim 3 wherein several such 
chip* can be chained. 

5 A content addressable memory according to claim 4 wherein each chip 
includes a control unit which can be disabled. 



6 A content addressable memory according to any previous claim including a 
MASK bus input which determines which bits of the words of the sequence of 
words are used for matching in the Search phase. 
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7 A content addressable memory according to any previous claim including a - 
return line from the end of the chain of cell^ back to the CAM control unit 11 
which changes state when all Match flip-flops in the chain have been accessed. 

8 A method of operating & content addressable memory according to any pre- 
vious claim wherein a standard byte address is chosen in all data blocks and a 
byte different from the inactive state of the data bus is included in that address 
in every data block, 

9 A method of operating a content addressable memory according to any pre- 
vious clairo wherein each cell is divided into e plurality of distinct data blocks, 

10 A method pf operating a content addressable memory according to any pre- 
vious claim wherein a plurality of cells are combined jnto an extended data block 
with all cells of the block containing corresponding key fields. 

11 A method of operating a content addressable memory according to any pre- 
vious claim wherein a standard byte address is chosen in all data blocks and 
filled with one data value if the data block in that cell is valid and another data 
value if the data block in the cell is cleared, ie invalid, 



12 Any novel and inventive feature or combination of features specifically 
disclosed herein within the meaning of Article 4H of the international Convention 
(Paris Convention). 
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CONTENT ADDRESSED MEMORIES 



the specification of which (check one): 
□ ib attached hereto. 

© wai> filed on 15 January 2001 as Application Senu! No 09/743,713; and 

8 wag filed on 15 July 1999 as International Application (PCT) No PCT/GB99/021SS, and was amended on 
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amendment^) referred to above, I acknowledge the duty xo disclose information which is material to the examination of this application in 
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I hereby claim the benefit under Title 35 , United States Code, § 120 of any United States application^) or PCX international application^) 
designating The United States of America listed below and, insofar as the subject matter of each of the claims of this application is not dibdosed 
in that/thoie prior apphcstion(s) in the manner provided by the first paragraph of Title 35 t United States Code, §1/2,1 acknowledge the duty to 
disclose material information as defined in Title 37, Code of Federal Regulations, § 2,56 which occurred between the tiling date of the pnor 
application^) and the national or PCT international filing dHlc or ihh application: 
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I hereby declare that ail statements made herein of my own knowledge are true and diat all statements made on information and belief are 
believed to be true; and farther that these statements were made with die knowledge that willful false statements and the like so made aie punishable 
by fine, or imprisonment, or both, under Section 1001 ofTttk J# of the Vn'md States Code, and that such willful false statements may jeopardize 
the validity of the application or any patent issued thereon. 

POWER OF ATTORNEY: 1 (We) hereby appoint as my (oui) attorneys, with full powers of substitution und revocation, to piosecute thii 
application and transact all business in the Patent and Trademark Office connected therewith: Allan M, Lowe, Registration Number _1 9-641 ; 
Benjamin J. Hauptman ? Registration Number 29,3 i Q; Michael G, Oilman, Registration Number 19, 1 14; Kenneth M- Berger, Registration Number 
yjjQS^ aiid Randy A. Noranbrock, Registration Number 4 2j4Q, 

Send correspondence to; I*OWE HAUVTMAN Oilman * Telephone CaLLs to: 

~^ ^nHTL LP (22429) 

I700rwonal Road. Smte jjO Allan M. Lowe 

AIe^S3na7v^ ~ (703)684-1111 

1 hereby authorise the U*S attorneys and agents named herein to accept and following instructions from MG Harman as to any actions to be uken 
in the U.S. Patent and Trademark Office regarding this application without direct communication between the U.S. attorneys and die undersigned, 
In the event of a change in the personOO from whom instructions may be taken, the U S attorneys will be so notified by the undersigned. 
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